ABSTRACT. The presence of insect pests in stored grains
rice are grain borers (Rhyzopertha dominica) and Angoumois grain moths (Sitotroga cerealella), both of which can cause significant losses in quality attributes.
Today, insect protection of grains is being affected by controlling moisture, modifying atmospheres with carbon dioxide, or by reducing storage temperature. However, high moisture causes temperature to rise and fungal infections to develop and grow. Growth can be partially inhibited by increasing carbon dioxide concentrations that modifies respiratory metabolism in insects, but requires gas-tight silos for long-term effectiveness. Higher temperatures decrease the effectiveness of grain/seed protectants and also provide favorable environments for insects to reproduce. Cooling by aeration for reduced temperature storage (below 15°C) helps decrease insect activity but is also expensive to maintain for long periods of time. Therefore, industry continues to rely primarily on the use of a variety of insecticides and fumigants.
Timely use of insecticides applied to uninfested grains provides adequate control against developing pests but only for the duration of the effective toxic life of the insecticide. After infestation, the use of insecticides is less effective and will exert little control as eggs deposited internally and larvae feeding exclusively within the seed, are not completely or uniformly exposed. Therefore, behavioral patterns of grain borer insects are, in practice, critical factors for reduced effectiveness with applied insecticides and fumigants. Furthermore, chemicals used in disinfestation could be toxic to humans and do cause various environmental concerns, but are normally chosen due to their higher effectiveness than S modified atmosphere. In addition, due to the scheduled elimination (deregistration) of fumigants, such as methyl bromide, there is increased pressure to develop better, non-invasive alternatives.
Thermal disinfestation as an alternative to current grain disinfestation methods has been studied (Banks, 1998) . Most research focused on using hot air (80°C to 100°C) for disinfestation of wheat and showed satisfactory results (Dermott and Evans, 1978; Evans, 1981; Sutherland et al., 1986) . However, the high temperature may cause quality deterioration of rough rice because rice milling quality is very sensitive to heat treatments. Infrared radiation is also effective in disinfesting rice and wheat, but may cause moisture losses (Tilton and Schroeder, 1963; Kirkpatrick, 1975; Kirkpatrick and Cagle, 1978) . Microwave heating has been researched as well but the inherent shallow penetration of microwave radiation in matter is a serious limitation (Halverson et al., 1996) . thermal radiofrequency (RF) processing using FCC approved frequencies and conventional electronics has been known for some time and is used by several industrial sectors to heat-treat a variety of commodities [(Orsat et al., 2001 ) U.S. Federal Communication Commission (FCC) regulates uses of radiofrequency technologies. For industrial, scientific, and medical uses (ISM), frequencies of 13.56, 27.12, and 40.68 MHz are allowed.]. As an effective volume heating method, RF processing generates heat homogeneously and rapidly throughout some materials. For grains and many other dried food materials, the favorable combination of their dielectric properties, heat capacitities, and thermal tolerance results in the rapid generation of homogeneous thermal levels that are lethal to biological contaminants assuring disinfestation efficacy throughout their entire volume (Nelson, 1996; Wang et al., 2002; Mitcham et al., 2004) . In addition, a recently patented high energy-use efficiency RF processing method (Lagunas-Solar et al., 2003) , shown to be effective for disinfection and disinfestation of many food and non-food commodities, was used in this work (Lagunas-Solar et al., 2005a , 2005b , 2006 . Furthermore, the RF process provides many advantages over traditional surface-heating methods including the avoidance of surface overheating, using lower thermal loads, and having the potential for significant reduction in hardware and cost of operation (Lagunas-Solar et al., 2005b) . The process is highly controllable, rapid, and apt for large-scale uses in batch or continuous processing modes. Because of these process characteristics, the RF power was assumed to offer many operational and cost advantages in the thermal disinfestation of grains. Naturally infested rough rice was then chosen as a test commodity. Experimental demonstration of this hypothesis constituted the main objectives of this work. Other working parameters such as temperature ranges and thermal loads used in this work were incorporated from the known sensitivity of all insects to thermal stress (Denlinger and Yocum, 1998; Beckett and Morton, 2003) .
Using RF power to control insects is not new as the primary characteristics and penetration of RF waves in grains has been recognized since the 1940's. In addition, after Nelson and Charity (1972) advanced the concept of selective or differential heating in insects and grains with RF energy, various studies were conducted based on the potential for inducing thermal energy at lethal levels in insects while keeping the host at tolerable levels (Hallman and Sharp 1994; Ikediala et al, 2002) . While the principles behind the use of RF power in disinfestation are sound (Piyasena et al., 2003) , efforts to succeed with thermally sensitive commodities have not succeeded. Therefore, the choice of RF power for disinfesting rice was based on (1) the properties of RF heating; (2) the dielectric behavior of rice; (3) the thermal tolerance of the host commodity; and (4) the much lower critical thermal maximum of insect pests. Therefore, the differential thermal sensitivity between pest (lower) and host (higher), provides a "thermal window" in which insect pests are targeted by using RF-induced thermal stress mechanisms, while preventing quality changes in the host (Nelson and Charity, 1972; Nelson et al., 1994) .
MATERIALS AND METHODS

PREPARATION OF INFESTED AND CONTROL ROUGH RICE SAMPLES
For storage rough rice samples, medium grain M202 were obtained from Pacific International Rice Mills, Inc. (Woodland, Calif.) at two different times with moisture contents (MC) averaging 13.5% (±0.1; n = 3) (first batch) and 11.0% (±0.3; n = 3) (wet basis) (second batch). The grain moth (Sitotroga cerealella) and lesser grain borers (Rhyzopertha dominica) were chosen for the disinfestation study because they are major insect pests in storage rice. Before RF processing, rice samples were infested at the Food Processing Laboratory at University of California, Davis, using an incubator at 28°C to 30°C and 35% to 40% relative humidity (RH) for at least 1 month. For the 13.5% MC rice samples, only grain moth was used for the infestation. For the 11.0% MC rice samples, both grain moth and grain borers were used. The initial prepared sample masses (> 4 Kg each) already contained several adult grain moths and > 30 adult grain borers from natural sources. After incubation, the infested rice samples contained all biological stages of the insects at the time of the RF disinfestation treatment. The moisture contents of all rice samples used were measured before and after RF treatment by using an oven method at 130°C for 24 h, and varied from 13.2% to 14.0% (wet basis) for the low thermal load experiments (table 1) and 10.6% to 11.0% for the high thermal load experiments (table 2) . Control samples were obtained from infested samples but not treated with RF power.
RADIOFREQUENCY HEATING TREATMENTS
All RF experiments were conducted with a researchprototype RF system (parallel-plate cavity) shown in figure 1, and developed and operated at the U.C. Davis Crocker Nuclear Laboratory. Further design, engineering and operating details of this system are given by Lagunas-Solar et al. (2005a , 2005b . The RF system uses a synthesized RF signal generator (Model 6060B, 10 kHz to 1050 MHz, Gigatronics Inc., San Ramon, Calif.) and a 2.5-kW wideband RF amplifier (Model TCCX 2500P, 10 kHz to 250 MHz, Instruments for Industry Inc. Ronkonkoma, N.Y.), to deliver RF power to an enclosed, RF-shielded 46 -60 cm (2.5-cm thick) Al parallel-plate cavity. Diagnostic devices include RF power meters (Model 4391A, Bird Electronic Corp., Cleveland, Ohio) to measure absorbed power in the sample, an oscilloscope (Model 54610B, 500 MHz, Hewlett Packard, Palo Alto, Calif.) for electric field measurements within the RF cavity, thermocouples (off-line measurements) and a fiber optic system (Model UMI-4, FISO Technologies, Quebec, Canada) for on-line temperature measurements and for assaying samples during processing. A digital computer provides data acquisition and storage capabilities. Samples to be treated were smaller and centered in the RF cavity to avoid fringe effects from its edges, while sample's fringe effects were ignored. A well-insulated paddy rice sample holder (polyethylene and Styrofoam) was constructed to contain up to 200-g rough rice (<4-cm thick). Prior to each RF treatment, fiber-optic sensors (3) were used to measure temperatures on-line at three different locations (bottom, center, top) within the rice sample. In all these calibrations (in duplicate), the holder's 4-π insulation allowed maintaining a homogeneous rice temperature (±1°C) during processing assuring homogeneous thermal energy levels at all depths. Afterwards, a single sensor (surface, top) was used to monitor temperature during experimentations. In all tests, the RF process operated with high energy-use efficiency as well as an adequate heating rate (~10°C/min) with low power inputs (100 W).
To determine the efficacy of RF disinfestation and effect of different frequencies, the rice samples infested with grain moths with 13.5% MC were used. The samples (155 g each) were heated to five different temperatures (35°C, 40°C, 50°C, 60°C, and 70°C) and maintained at each temperature for 5 min (holding time) before transferring to an incubator for subsequent observations. Each selected temperature level was obtained with 0.336-, 1.01-, 13.18-, and 27.18-MHz frequencies using 100 W of RF power, so as to evaluate the effect of operating frequencies. In order to achieve temperature equilibrium throughout the sample and provide sufficient thermal energy loads, reduced levels of RF power were used to maintain the rice temperature during the 5-min holding period.
Tempering is a common practice in rice drying and is used to provide equilibrium moisture distribution in rice kernels (Kunze, 1979; Kunze and Calderwood, 1985) . It uses heat to hold rice at the drying temperature that reduces losses in milling quality caused by moisture gradients in the rice kernels. The tempering process may also reduce the needed heating time in RF processing. To determine the effect of tempering after RF heating, the rice samples infested by both grain moths and borers, were heated to 4 different temperatures followed by different tempering times, including 45°C (2 and 4 h), 50°C (1 and 2 h), 55°C (5, 30, 60, and 120 min), 60°C (5, 30, 60, 120 min). The tempering process was carried out by transferring the rice samples to an incubator set at the same temperature as the rice sample and holding the sample for the specified times before the samples were cooled under ambient conditions for subsequent disinfestation observation. All RF heating treatments were conducted in triplicates.
ASSAY OF DISINFESTATION EFFECTS
All RF treated rice samples after holding or tempering were transferred into plastic containers with screen-on lids to maintain sample moisture and supply of oxygen, in order to allow for surviving insect stages to grow. However, no adult insects survived the RF treatment thus providing experimental evidence of their high sensitivity to RF thermal processing. Therefore, all other observations of emerging adults over a period of time reflected surviving eggs, larvae or pupae populations. Eggs were assumed to be more tolerant than any other insect stages (Beckett and Morton, 2003) .
All control and treated samples were kept inside an incubator at 28°C to 30°C and 35% to 40% RH during an observation period of up to 120 days. During the observation period, emerging insect populations in both RF treated and control samples were determined by counting the number of adults every 3 or 4 days. The average number of live emerged adult insects in each sample at different observations times was reported. Cumulative number of emerging adults as a function of time were then calculated and used to establish different profiles (number vs. days) providing a measure of RF processing disinfestation efficacy. After each observation and counting, all adults were removed to facilitate assaying new adult emergence. The results of this profiling provided the overall RF processing effects on infested rough rice for all the biological life stages (eggs, larvae, pupae, and adults) of the lesser grain borers and grain moths.
MILLING QUALITY
The major indicators of rice milling quality, quantified in the standard rice sample milling procedures of the USDA Federal Grain Inspection Service (USDA FGIS, 1994), are total rice yield (TRY) and head rice yield (HRY), which were measured in this study with selected samples. Since the whiteness or degree of milling is also an important quality indicator, the whiteness index of milled rice sample was also determined with a Whiteness Tester, C-300, (Kett Electronic Laboratory, Tokyo, Japan). A higher index number indicated whiter rice.
The rice milling quality evaluation was conducted by two different milling methods using the RF treated samples without infestation. For the treated first batch rice samples, only the samples treated with 385 kHz at 50°C, 60°C, and 70°C were milled since low temperature RF treatment was not completely effective in disinfestation. The TRY and HRY were determined by following the USDA FGIS procedures in this study. For the second batch rice samples, only selected rice samples treated at 55°C and 60°C followed with 2-h tempering were used for the quality evaluation. The evaluation was carried out by milling 400-g rice samples using Yamamoto Rice Mill (VP-222N, Yamamoto Co. Ltd., Japan). The rice samples were milled three times to achieve the degree of milling (whiteness) similar to the milled rice from commercial operations. For the first two times, the settings of Throughput and Whitening were 1 and 4, respectively. For the third time, the settings were 1 and 5. The control samples were not treated with RF or infested with the insects.
STATISTICAL ANALYSIS
All results reported here were obtained from a series of replicate experiments with triplicate samples for each of the different conditions used. Results are reported as mean values of these determinations with standard deviations (SD). Analysis of variance (ANOVA), followed by Duncan's Multiple Range Test with significance level of p < 0.05 at a confidence level of 95%, were performed on all replication data reported here using a reported in this work had an error of ±1°C (SD) both for thermocouple and fiber-optic based thermometry. Data reported in figures 2 to 5 were fitted using exponential or polynomial fits as appropriate while maximizing correlation coefficients.
RESULTS AND DISCUSSION
Radiofrequency power was shown to be an effective and reliable process for rice and capable of controlling all biological stages (eggs, larvae, pupae, and adults) of the lesser grain borers and grain moths, without statistically significant changes in quality attributes.
Adequate thermal loads (temperature × time) were required to achieve 100% insect mortality. Because natural and heavily infested rice samples were used, there was no synchronization of biological emergence of any stage, and observations were made over long periods while kept at optimal incubating temperatures and humidity to allow for a sufficiently long time for any stage to fully develop. Under these conditions, emergence of adult insects would have indicated the presence of surviving eggs, larvae, or pupae in the treated samples. Results of these experiments are shown in figure 2 for Sitotroga cerealella treated with a low-thermal load RF process at 385 kHz (5-min holding time) and observed for up to 100 d. On the other hand, figures 3 and 4 shows results for RF disinfestation of the lesser grain beetle (Rhyzopertha dominica) and the grain moth (Sitotroga cerealella), respectively, when treated with higher thermal loads and higher frequency (20.3 MHz). The results shown in these figures are typical representations of the type of experimental observations and results used to evaluate disinfestation efficacy. Therefore, optimization of the RF process included using a range of thermal load conditions (temperature and times) as well as a range of operating RF frequencies.
For the lesser grain borers (Rhyzopertha dominica), 100% mortality required a higher thermal load reached with 60°C for 1 h ( fig. 3 ). For Angoumois grain moth (Sitotroga cerealella), 100% mortality was reached under the following minimal temperature and time conditions: 50°C for 2 h; 55°C for 1 h; and 60°C for 0.5 h (fig. 4 ). All these results were confirmed by additional observations at 120 d after RF treatments, which indicated no surviving adults in treated samples while control samples showed abundant (> 1,000's), active populations. Based upon these results, the lesser grain borers (Rhyzopertha dominica) showed a greater thermal tolerance than grain moth (Sitotroga cerealella).
However, 100% mortality was also reached for the grain beetles up to 21 d after the RF treatment even under lower thermal load conditions at 55°C for 1 h. After 25-d past treatment, a few beetles (3-7) appeared in some treated samples as compared with >1000 adult beetles accounted for in control samples. However, the emerged adult beetles exhibited sluggish and abnormal behavior even with the 55°C for 1-h treatment. It is assumed that these emerging beetles were lethally injured and unable to reproduce as no increases in population were observed even after 120-d observation periods.
As insects are known to experience thermal stress at any temperature at or above typical environmental thermal levels (Denlinger and Yocum, 1998) , thermal loads can be varied to decrease potential quality effects on the host commodity while still achieving high disinfestation levels at lower costs. Radiofrequency processing of the same natural and heavily infested rice samples at 340 kHz (100 W) at 50°C required a holding time of 28 min in order to reach >99.4% disinfestation level (observation time 82 d) (data not shown). Greater than 99% disinfestation was also achieved with 60°C and >5 min for grain moth (Sitotroga cerealella) ( fig. 2 ) while higher thermal loads (60°C and 1 h) were required for the lesser grain beetle (Rhyzopertha dominica) ( fig. 3) , obviously a more thermal tolerant insect species. Disinfesting grains with RF power is then an approach that can be adjusted to optimize processing parameters while reducing costs. In rice, RF processing can be affected over a wide "thermal window" (50°C to 70°C) because of the large difference between the minimal level of effective lethal thermal stress on insects and the thermal load tolerated by the commodity.
Despite minor differences observed in disinfestation effectiveness when RF processing was conducted at different frequencies (0.336, 1.01, 13.18, and 27.18 MHz), a sigmoid-shaped relationship was established between survival and temperature ( fig. 5 ). This latter relationship suggests that a stationary (resistance) phase exists between room temperature and ~40°C with an inflection point originating a rapid decrease in survival between 40°C and 60°C. In addition, the results suggest that the dielectric behavior of rice does not change appreciably within the frequency range used in these experiments. However, in this study, no attempts were made to determine the dielectric properties of rice (i.e. dielectric constant and loss factor). The broad range of operating frequencies available provides many options to optimize energy-use efficiencies while lowering the cost of manufacturing and operating RF systems. This behavior is expected to apply to most grains as the major factor in induced RF thermal energy, and is due to chemical composition as characterized by a dielectric loss factor.
Disinfestation effects reported in this work were based on lethal effects as indicated by non-emergence patterns of adult insects from the treated samples. However, it is also known that sub-lethal effects leading to changes in metabolic and behavioral patterns in the treated insects can also result from thermal stress at lower thermal loads. Sub-lethal effects leading to biological sterilization is an accepted quarantine concept already in place and used in specific world regions for the control of fruit flies in fresh fruits treated with ionizing radiation (i.e. food irradiation) (Anon., 1990; Anon., 2002; Bakri et al., 2005) . However, sub-lethal effects were not tested in this work but could provide another approach to treat commodities with lower thermal tolerance but adequate dielectric properties for RF processing.
The rice milling quality results showed that low or high thermal load RF treatments did not significantly change TRY, moisture content, or other quality attributes (table 1) . Under low thermal load conditions (50°C, 60°C, and 70°C for 5 min (holding time), milling quality was not significantly affected, statistically, and remained similar to the control samples (table 1) , even though the average HRY were slightly lower than controls. Higher thermal loads were also tested (50°C for 2 h and 60°C for 2 h) with similar results and not significant effects on overall milling quality (table 2) . However, for these rice samples RF treated with shorter times (5 min, no holding) but followed by tempering, the treated rice even had a slightly higher HRY and higher whiteness indexes, which are desirable effects. This indicates that RF heating at 55°C to 60°C followed by 2-h tempering can achieve desired disinfestation and maintain the rice milling quality even though a small but not significant amount of water content (0.2% to 0.4 %) was lost (table 2). Because low thermal loads were used with rice of low moisture content, no gelatinization effects were expected and therefore, no gelatinization tests were conducted.
The cost of RF processing of rough rice was estimated and the results appeared very promising. In this series of experiments, the overall process energy-use efficiency reached >70% and includes AC supply (wall power) to RF power conversion efficiencies (~88%) and RF powerto-thermal power in the commodity (~80%). These conditions were practical and reproducible throughout the experimentation. This overall energy-use efficiency is far superior to any other conventional surface heating technology as they operate with 10% to 15% overall efficiency.
From the data above, RF treatment of rough rice at 60°C (assume ΔT = 37°C) with a throughput of 1 ton/h, needs approximately 12 kW of RF power and the electricity cost (assumed to be ~80% of operational costs) is estimated to be $1.35 per metric ton (using $0.10 per kWh). In addition, as a broad range of frequencies (0.3 to 27.7 MHz) were shown to be equally effective in disinfestation, the cost per kW for commercial systems operating with solid-state electronics and using <1-MHz frequencies can be as low as $300 to $400 per kW. This compares quite favorably with the current commercially available cost of $2000 to $3000 per kW for conventional, FCC-approved frequencies (i.e. 27.12 MHz). The use of non-conventional RF frequencies as suggested in this work only implies operating properly RF-shielded systems, which is an easily achieved design feature.
Finally, as other RF disinfection and disinfestation processes are being considered, avoiding the use of FCC frequencies and conventional electronics, cost and availability of new RF systems shall improve allowing for various commercial-scale uses to be considered for the food, agricultural, and environmental protection industries (Lagunas-Solar et al., 2006) .
CONCLUSIONS
Radiofrequency power appears as a promising energy-addition process and a novel alternative to the use of chemical pesticides for stored rough rice disinfestation process. The laboratory-scale tests demonstrated that it provided adequate insect controls with retention of high milling quality. The RF process also appears economically feasible with low operation costs while promising significant reductions in installation costs when compared to currently available conventional RF processing alternatives. Further research to provide practical and larger-scale demonstrations of any of these applications are desirable in the future.
